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Abstract
Faraday rotation measurements are used to constrain simple models repre-
senting possible extremes of the structure of extra-galactic magnetic elds
(EGMFs). Relevant elds are found quite generally to be at the µG level
rather than the nG level usually assumed. Even the highest energy cosmic
ray protons should experience large deflections over distances of order 1 Mpc.
Such large deflections allow either GRBs or AGNs to be the source of ul-
trahigh energy cosmic rays, with AGNs tolerating greater ineciency in the




Considerable attention has been paid in recent years to a seeming dilemma posed by
the absence of a cuto in the cosmic ray (CR) spectrum at ultrahigh energies (UHE). As
pointed out by Greisen, Zatsepin and Kuzmin [1] (GZK), at high enough energy protons
interacting with cosmic microwave background photons produce pions and degrade in energy
over cosmologically small distances. Less than 20% of protons survive with an energy above
3  1020 (1020) eV for a distance of 18 (60) Mpc [2]. Yet more than 10 events have been
observed with nominal energies at or above 1020  30% eV [3,4] with the Fly’s Eye event
having 3.2  1020 eV [5]. The expected angular deflection of such high energy protons due





being the rms deflection of a proton of energy E2010
20 eV traveling a distance D through
randomly-oriented patches of magnetic eld having rms value B and scale length λ [6]. The
typical dierence between arrival times of photons and UHECR’s, τarr  (δθ)2LGZK/c, is
therefore expected to be small on astrohysical scales,  104 yr taking LGZK = 20 Mpc for a
3 1020 eV proton. This severely constrains the possible sources. Sources known to satisfy
the Hillas conditions for acceleration to these high energies do not have such short lifetimes
and none are apparent within 50 Mpc of Earth [2].
Our purpose in this paper is to
1. Develop simplistic models representing extreme possibilities for the large scale struc-
ture of the EGMF in order to estimate the characteristic eld strengths from Faraday
rotation measurements.
2. Debunk the notion that the deflection angles of 1020 eV protons are of order a few
degrees or less, in representative possibilities for the EGMF.
3. Show that AGNs or GRBs active in the local supercluster in the past 10-100 million
years can account for the observed UHECR flux.
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Several groups have recently explored the possibility that the EGMF has a large scale
structure akin to that observed in simulations of dark matter [7,8]. They assume mean
elds in the 0.1-1 µG range, for consistency with Faraday rotation constraints. Results of
our analysis are consistent with these detailed numerical simulations, and serve to under-
line the generality of a large EGMF, > 0.5µG. This is important, since the results of the
simulations dier considerably depending on the assumed form of the spectrum of magnetic
inhomogeneities (e.g., Kolmogorov [7], log-normal [8]) and the generality of conclusions in
these models is not apparent. These specic ansa¨tze for the eld structure have also been
explored to nd what parameters give the best t to the observed spectrum and angular dis-
tribution of CRs above 1019 eV [9,10]. We instead focus on puzzling highest energy events,
those above 1020 eV. We show that the broad angular distribution and absence of identiable
sources within the GZK volume is not a problem for either GRB or AGN sources. Other
consequences are briefly noted.
EXTRAGALACTIC MAGNETIC FIELD: The prime constraint on the EGMF comes
from observations of the Faraday rotation of light from distant quasars [11]. The rotation
measure of a source at a redshift z is










where n05 is the electron density in
units of the cosmic baryon density, (Ωb/0.05)(3H
2
0/8piG)/mp. Distances are measured in
Mpc unless otherwise specied. The comoving distance is related to the physical distance
by dl = drc/(1 + z
0). Additional redshift factors arise due to the RM’s quadratic depen-
dance on frequency and the possible cosmological evolution of the electron number density
ne(z)  n05(1 + z)pe and the magnetic eld strength B(z)  B0(1 + z)pB . It is convenient
to introduce a cosmological \dimensionless eective distance" dp(z), of order unity, which







Ωm(1 + z0)3 + (1− Ωm − ΩΛ)(1 + z0)2 + ΩΛ
. (3)
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The normalization is chosen so that d0(z) measures the co-moving distance in terms of the
Horizon distance lH  2cH0 , i.e., rc(z) = d0(z)lH . Dierent models for the scaling of eld
strength, electron number density, and coherence length with redshift, give dierent values
for p  pe + pB − 3. For ΩΛ = 1−Ωm and two choices of Ωm = 1 [0.3], dp(z = 2.5)’s for the
models developed below are d2 = 1.85[2.98], d0 = 0.46[0.68], and d−3 = 0.14[0.18].
Faraday rotation measurements for constraining the EGMF make use of quasars with
hzi  2.5 and having a typical RM of < 5 rad m−2 [11]. Write RM(z)  5 RM5 rad m−2, so
eqn (2) has the compact form
RM5 = 400 n05 BjjµG h75 dp(z). (4)
For a homogeneous eld in a matter dominated Friedman universe (pB = 2, pe = 3) this
implies Bjj = 1.3 nG RM5n05 . More realistic models of the large scale spatial structure of the
EGMF are the following.
Randomly Oriented Patches: The model leading to eqn (1) posits that the EGMF consists
of domains, much like in a ferromagnet, of constant but randomly oriented eld with present
rms strength B0 and characteristic size λ [11]. Assuming that ne and λ are constant in co-
moving coordinates, and that the energy density of the magentic eld scales like radiation,
implies:











where we have taken the mean number of patches in the path to the quasar to be rc(z)/λ.
Assuming ne  nb and baryonic closure of the Universe, i.e., n05  20, implies nano-Gauss
elds for λ  1 Mpc [11] and hence the small deflections generally assumed in discussions
of UHECR trajectories. However ne should be taken at least a factor of 20 smaller than in
those estimates, since Ωb  0.05. Moreover Ωb has contributions from neutrons, and only
electrons in ionized gas are relevant to Faraday rotation, so this further reduces ne. Taking
the more realistic value ne  0.3 gives B0 in this model of order 0.5 [0.4] µG, for the flat
Ωm = 1 [0.3] cosmologies.
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Sheets and Voids: Now consider a generalization of the above model to one suitable if the
large scale structure of the EGMF consists of randomly oriented sheets of eld, presumably
associated with the sheet-like and lamentary concentrations observed in the matter distri-
bution, separated by relative voids. Idealize this to sheets consisting of layers of thickness
LS within which the eld has a constant magnitude B0 and random orientation, separated
by voids of thickess L0( 50 Mpc), with LS  L0. Observations of high redshift clusters
provide strong evidence that Ωm is small and the sheets and voids of matter were largely in
place at z  2.5 [12]. Therefore we expect no scaling of B, ne, and LS with redshift in the
sheet-void model, for the redshifts  2.5 relevant for Faradary rotation observations. Thus
eqn (5) can be used to obtain B0 in this model by replacing d2(z) ! d−3(z) and multiplying
by
√
L0/LS. Note that B0 and ne stand for the present rms eld strength and electron den-
sity within the sheets and not averaged over the voids. ne can be expected to be enhanced
compared to the random-patches model by the factor L0/LS. Therefore in the sheet-void
model we nd B0 of order d2(2.5)/(d−3(2.5)
p
50) times that of the random patches model.
This is a factor  0.9 in both cosmologies. If the sheets themselves consist of many patches
of randomly oriented eld of typical size λ, B0 should be reduced by a factor
√
λ/LS.
It is intriguing and helpful that both models give essentially the same result for the
characteristic eld strength: B0  0.5µG. Furthermore, that value is comparable to the
 1.5µG eld at the core of the local (Virgo) Supercluster [13] and with eld intensities
of  0.2 µG observed in Abell 2319 and Coma (see [11] for a review). The consistency of
the infered eld from these disparate approaches increases our condence in the conclusion:
The EGMF, at least in the local supercluster, is of order µG rather than nG as has been
traditionally assumed.
TRAJECTORIES OF UHE PROTONS: The Larmour radius of a proton of energy
E = E2010
20eV in a constant orthogonal eld, B?, is
RL = 0.11 Mpc E20/B?µG, (6)
corresponding to a deflection angle of order δθ  0.5o B?nG λMpc/E20 when traversing a
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distance λ  RL.
We can express the deflection angle in the random patches model directly in terms of
the Faraday rotation measure. This allows some model-dependent uncertainties, notably









as long as this deflection is small.
An analog of eqn (7) can be obtained also for the sheet-void model. However it is only
applicable for cosmic rays which traverse many sheets, which is not the case for UHECRs
since the GZK length is less than or of order the void size. In fact, Valle infers an average
coherent enhancement of the eld in the central 10 Mpc region of our local supercluster
which is > 1.2µG [13]. If this eld were uniform, eqn (6) implies RL  125E20 kpc; UHECRs
originating from this region and having energy < 1022 eV would experience many gyrations
en route to Earth. However there are surely some inhomogeneities at the 0.1 - 1 Mpc scale,
if only from the galaxies themselves. We obtain a lower estimate of the energy at which
UHECRs have approximately rectilinear motion over a distance of 10 Mpc by using the
random-patches model with mean of 1.2µG and scale size λ  0.1 Mpc. Requiring (1) to
evaluate to  30o implies E > 2 1021 eV. Both estimates are in contradiction to the assertion
of refs. [9,10], that particles above (1− 2) 1020 eV display rectilinear motion. Probably the
models of elds employed in those studies do not correspond to the eld in the 10 Mpc
central region of the Virgo Supercluster found in [13], although they may be adequate to
address the energy spectrum [9]. Generically we can expect magnetic connement, diusive
motion, or large angle scattering for even the highest energy CRs thus far observed. The
directional distribution of UHECRs whose energy is too low for rectilinear motion depends
sensitively on how B0 falls away from the central region. At our distance of  20 Mpc the
eld may be at the 0.5 µG average value estimated in the sheet-void model { still large
enough to randomize protons of observed energies.
EFFECTIVE NUMBER OF UHECR SOURCES: Now we apply these results to the
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problem of UHECRs, and consider production in either GRBs or AGNs. For GRBs the rst
issue of concern is whether the arrival times of UHECRs can be suciently uniform. This
requires the spread in arrival times of high energy CR’s from a single source in the GZK
volume to be long compared to the time between GRB events which contribute to the local
UHECR flux. That is, the eective number of sources Neff  τarrΓGRBVeff must be  1,
where Veff is the volume of contributing GRB’s. If Neff < 1, it is improbable that a GRB
occured within the GZK distance during a time interval such that its cosmic rays arrive at
Earth in the past 30 years. In the random patches model Veff  43piL3GZK . In the sheet-
void model, the contributing region is the local supercluster within a distance of LGZK , so
Veff ! piL2GZKDLSC , where DLSC  10 Mpc is the thickness of the local supercluster.
First we recall the situation originally analyzed for GRBs [14] assuming magnetic elds
of order nG or less, so that UHECRs experience small angular deflections. Only the fraction
fbeam  1100− 1200 of all GRBs whose beam is oriented toward Earth contribute. The relevant
quantity fbeamΓGRB  Γ−9 10−9 yr−1 Mpc−3 is independent of beaming and thus fairly well
determined; if gamma ray bursts follow star formation [15], Γ−9  1. For LGZK  20 Mpc,
Neff  0.4 Γ−9 and the total number of contributing GRBs is marginal. However Neff is
a strong function of energy, since τarr / E−2L2GZK and Veff / L3GZK , so a more careful
analysis is required if deflection angles are small.
However we argued above that large angular deflections, diusive propagation, or even
magnetic trapping is the generic situation for CRs of observed energies and this greatly in-
creases the plausibility of GRB sources. All GRBs or AGNs in Veff contribute to the UHECR
flux, removing the beaming fraction suppression factor, fbeam. In addition, τarr increases be-
cause of the greater path length; it is replaced by the GZK attenuation time, LGZK/c. If
the cosmic ray experiences a few large angle scatterings as it travels from source to Earth,
Neff  105Γ−9 for E = 3 1020 eV, and the number of sources is adequate. If instead even the
highest energy CRs diuse away from their source with a diusion length Ldiff  LGZK ,
the contributing volume is  (LdiffLGZK) 32 , so N eff ! 105Γ−9(Ldiff/LGZK) 32 . Unless
Ldiff  50 kpc, many GRBs contribute even for the highest energies. Of course, sources
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whose CRs are magnetically trapped for a time > τGZK do not contribute to observed UHE-
CRs.
The same approach can be applied to decide whether AGNs are suciently abundant
and long-lived to account for the UHECRs observed on Earth. Let ρAGN be the density
of AGNs which are capable of producing UHECRs during some period of their evolution
and denote their UHECR-producing lifetime τAGN . If τAGN is long compared to τGZK ,
one merely replaces ΓGRBτGZK appearing in the GRB case by ρAGN ; if τAGN  τGZK , the
combination ρAGNτAGN/τGZK appears instead. We do not pursue this analysis here; it must
await determination of ρAGN(E) and τAGN(E), which depend in detail on the modeling of
AGN acceleration.
An important point is that for AGNs to be the source of UHECRs, τAGN must be < τGZK .
This can be seen as follows. There is no strong radio source which obviously satises the
acceleration criteria within 50 Mpc [2]. There are, however, two objects within the GZK
sphere which might have been powerful AGNs in the past and thus are candidate sources
[2]. If τAGN  τGZK , it would be unlikely that a source which was active recently enough to
have produced an observed UHECR, would no longer appear active. On the other hand, if
τAGN  τGZK , the only way to have Neff  1 is if ρAGNVeff  1. If this were the case, we
should see many examples of objects which may have been good sources during the last GZK
time, while in fact we see just two. Therefore, we conclude that τAGN < τGZK  6 107 yr.
Remarkably, estimates of AGN lifetimes are in the 107 − 108 yr range [16], so the AGN
source model survives a highly non-trivial requirement.
To summarize this section, the requirement that UHECRs be observed from all directions
in the northern hemisphere and be distributed roughly uniformly in time, is consistent with
their originating from GRBs or from a now-inevident AGN, in either the random patches or
the sheet-void model of EGMF structure.
FLUX OF UHECRS: The nal issue to confront is whether the observed flux of UHECRs
is consistent with the flux of cosmic rays one might expect from AGNs and GRBs within the
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relevant volume, e.g., the local supercluster. The spectrum of UHECRs can adequately be
described, for these purposes, by E2j(E)  1 eVcm−2s−1str−1, corresponding to an energy
flux per decade of energy, obs, which is about 10
45ergMpc−2yr−1str−1. The energy flux per




V −1eff , (8)
where E10CR is the average energy per decade in cosmic rays produced by each source in
the contributing volume Veff ; E10  1051 ergs being the total energy produced in gamma
rays (approximately 1 decade in energy) in an average GRB and CR being the relative
eciency of producing an equal energy per decade in UHECRs. Since the Veff dependence
cancels in the product NeffV
−1
eff , the result is not sensitive to whether few-large-deflections or
diusive conditions obtain. Taking LGZK  60 Mpc since E20  1 dominates the spectrum
of UHECRs and making the optimistic assumptions that f−1beam = 200 and CR = 1, gives
  1045erg Mpc−2yr−1str−1.
The UHECR flux from AGNs is computed in an analogous way, however in this case
E10CR is the total energy per decade deposited by each source during the CR accumulation
time τGZK . For a long-lived source, E10 = P10τGZK where P10 denotes the power per decade
of the AGN; if the active lifetime of CR production is short compared to the GZK time,
E10 = P10τAGN . Thus for a given total number of sources Ntot in Veff , the total flux in
UHECRs is reduced by a factor τAGN/τGZK when the AGN’s active period is short compared
to τGZK . In general
 = Ntot V
−1






The power in gamma rays of a moderate AGN is of order 1046 erg yr−1. The minimum
value of Ntot in Veff over the past GZK time is 1. The energy flux of UHECRs ob-















Thus from an energetics and lifetime standpoint there is a comfortable 4 order-of-
magnitude margin for ineciency or inactivity in the UHECR production by AGNs in the
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local supercluster, while Gamma Ray Bursts are only marginally viable from this standpoint.
Several clusters of 2-3 events having energies from  4− 30 1019 eV have been observed
[6]. If the ultrahigh energy part of the cosmic ray spectrum consists of protons which
experience large deflections due to µ G elds in the local supercluster, this must be a
statistical fluke. Even if UHECRs are produced in a handful of locations within the GZK
distance and conned near their sources by strong local magnetic elds until their release,
this initial localization will not survive subsequent deflection which is large and strongly
energy dependent unless Earth is surrounded by nearby magnetic funnels or the conning
elds around the sources drop to a nG level in a distance of order 1 kpc. If better statistics
conrms clustering, or the possible directional correlation with distant compact radio quasars
[17], it would be evidence against the picture advanced here.
Finally we note that the proposed connement of highest energy cosmic rays in the
EGMF within our local supercluster may give a simple, unied explanation for the knee and
ankle structures in the CR spectrum. Below the knee CR’s are conned within the Galaxy
and the spectrum reflects that of the sources. Between the knee and ankle, leakage from
the Galaxy sharpens the spectrum, but this eect is softened by the  µG EGMF; there is
little influx from extragalactic regions. Above the ankle, energies are high enough that CRs
accelerated by sources in the core of the local supercluster can break free of that region and
reach Earth, revealing again the spectrum of the sources. Conrmation of such a picture
would require modeling along the lines of ref. [9], to see if the observed weak correlation
of high energy CRs with the supergalactic plane is reproduced. A striking aspect of this
picture is that in no energy range do observed CRs come from distant parts of the Universe:
at ultrahigh energy the range is limited by the GZK eect, while lower energy CRs are
conned near their sources.
In summary, we have shown that the highest energy cosmic rays most likely originate in
the local supercluster, either from an AGN which now appears past its prime or from gamma
ray bursts which have occured in the last 10-100 million years. We presented two distinct
models of the structure of extragalactic magnetic elds, and recalled observational data on
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the eld in our own and nearby superclusters, which indicate that extragalatic magnetic
elds are of order µ-Gauss rather than the nano-Gauss heretofore generally assumed. This
radically changes the picture of ultrahigh energy cosmic rays and implies that even the
highest energy cosmic rays observed to date have strongly bent trajectories such that
1. There is no directional correlation with the source.
2. There is no temporal correlation between UHECRs and photons from a given source,
on time scales relevant for identifying the sources, even for AGNs.
3. The power in UHECRs which can be supplied by the relevant superposition of sources
contributing over a GZK time,  108 yr, is easily adequate for AGNs and may barely
be adequate for GRBs.
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